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University of Toronto, Toronto, Ontario, CanadaABSTRACT Fo¨rster resonance energy transfer (FRET) is a nonradiative process for the transfer of energy from an optically
excited donor molecule (D) to an acceptor molecule (A) in the ground state. The underlying theory predicting the dependence
of the FRET efficiency on the sixth power of the distance between D and A has stood the test of time. In contrast, a comprehen-
sive kinetic-based theory developed recently for FRET efficiencies among multiple donors and acceptors in multimeric arrays
has waited for further testing. That theory has been tested in the work described in this article using linked fluorescent proteins
located in the cytoplasm and at the plasma membrane of living cells. The cytoplasmic constructs were fused combinations of
Cerulean as donor (D), Venus as acceptor (A), and a photoinsensitive molecule (Amber) as a nonfluorescent (N) place holder:
namely, NDAN, NDNA, and ADNN duplexes, and the fully fluorescent quadruplex ADAA. Themembrane-bound constructs were
fused combinations of GFP2 as donor (D) and eYFP as acceptor (A): namely, two fluorescent duplexes (i.e., DA and AD) and a
fluorescent triplex (ADA). According to the theory, the FRET efficiency of a multiplex such as ADAA or ADA can be predicted
from that of analogs containing a single acceptor (e.g., NDAN, NDNA, and ADNN, or DA and AD, respectively). Relatively small
but statistically significant differences were observed between the measured and predicted FRET efficiencies of the two multi-
plexes. While elucidation of the cause of this mismatch could be a worthy endeavor, the discrepancy does not appear to question
the theoretical underpinnings of a large family of FRET-based methods for determining the stoichiometry and quaternary struc-
ture of complexes of macromolecules in living cells.INTRODUCTIONFo¨rster resonance energy transfer (FRET) is a radiationless,
extremely short-range (i.e., <10 nm) photophysical process
of energy transfer from an excited donor (D) to a nearby
acceptor (A) via dipole-dipole interaction (1–3). The theory
that describes this process was introduced by Fo¨rster almost
three quarters of a century ago (4–6) and has stood the test of
time (2,3). Its broad application to biological systems has
been greatly facilitated by the advent of fluorescent tags
such as organic dyes (7–10) and variants of the green fluo-
rescent protein (11–14). By acting as FRET donors and
acceptors, the fluorescence tags allow the association of
macromolecules to be investigated under a variety of condi-
tions, including living cells (15–21).
An extension of FRET theory that accommodates multi-
ple donors and acceptors within an oligomeric complex
(22) has led to a method for determining the size and geom-
etry of such structures. The apparent FRET efficiency (Eapp)
is measured for each pixel within an image of a thin optical
section of the sample (obtainable with the use of a multi-Submitted July 16, 2014, and accepted for publication February 2, 2015.
*Correspondence: vraicu@uwm.edu
Suparna Patowary’s present address is Division of Biology and Biological
Engineering, California Institute of Technology, Pasadena, CA.
Editor: Catherine Royer.
 2015 by the Biophysical Society
0006-3495/15/04/1613/10 $2.00photon or confocal microscope), and the number of pixels
falling within a certain interval of Eapp is plotted against
the center of the interval to obtain a histogram, or distribu-
tion of FRET efficiencies, for the entire section of a cell or
cellular region of interest (23). Such distributions are richer
in information than the average efficiency over all pixels
(24), because the peaks collectively constitute a unique
fingerprint of a specific oligomeric arrangement (17). As
demonstrated recently (25,26), the quaternary structure
of a protein complex can be inferred from the number of
peaks in the histogram and their mutual relationships.
Because the approach delivers a characteristic FRET spec-
trum for a given complex, it is in effect a FRET-based spec-
trometric method, and has been referred to as ‘‘FRET
spectrometry’’ (27).
To test the theory of FRET in complexes containing more
than one acceptor, Koushik et al. (28) have developed a set
of multiplexed fluorescent proteins comprising fused com-
binations of a donor (Cerulean, D) (13), an acceptor (Venus,
A) (14) and a chromophore-deficient Venus-like molecule
that cannot absorb or transfer energy (Amber, N). Four
such units are contained in each of four cytoplasmic
constructs: a fluorescent quadruplex in which all units are
fluorescent (i.e., ADAA), and three fluorescent duplexes
in which two units are fluorescent and two are darkhttp://dx.doi.org/10.1016/j.bpj.2015.02.021
1614 Patowary et al.(i.e., NDAN, ADNN, and NDNA) (28). Intriguingly, the
measured transfer of energy within the quadruplex ADAA
exceeded by a small but significant amount what was pre-
dicted from the transfer measured within the duplexes
NDAN, ADNN, and NDNA.
Such discrepancies are not expected to arise when the
multiplexed or multimeric nature of a protein is determined
by FRET spectrometry (23,25,26,29), in which the extended
theory of FRET that underlies the method accommodates
structures containing several (i.e., >2) donors and acceptors
(22). We therefore undertook an experimental study to put
the theory further to the test. Our examination included
the cytoplasmic constructs of Koushik et al. (28) as well
as three novel membrane-bound fusion proteins in which
multiplexed copies of GFP2 (D) (12) and eYFP (A) (11)
were preceded by the acylated N-terminal segment of the
a-subunit of Gi1 (MP) to form two duplexes (i.e., MP-DA
and MP-AD) and a triplex (MP-ADA).
Each fusion protein was expressed in Chinese hamster
ovary (CHO) cells, and the FRET efficiencies were
measured at the level of single pixels using an imaging
system designed for optical microspectroscopy (23,30).
According to the theory (22), the apparent FRET efficiency
of a fluorescent quadruplex containing multiple donors and
acceptors (e.g., ADAA) can be predicted from measure-
ments on analogs that contain a single donor and acceptor
(e.g., NDAN, NDNA, and ADNN); similarly, the apparent
FRET efficiency of a fluorescent triplex such as ADA can
be predicted from the pairwise FRET efficiency measured
for the duplexes DA and AD. By comparing the measured
and predicted FRET efficiencies for ADAA and ADA, we
were able to test the kinetic theory of FRET as commonly
used in FRET imaging.D
D
A
A
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FIGURE 1 Schematic representation of a fluorescent oligomer, in this
case a pentamer that comprises two donors (D, green) and three acceptors
(A, yellow). The various arrows indicate possible pathways for energy loss
or transfer from donors to acceptors. (Solid arrows) FRET (GFRET); (dashed
arrows) nonradiative loss (Gnr,D); and (wavy arrows) radiative loss (Gr,D).
To see this figure in color, go online.Theory of the method
FRET efficiency for multimeric complexes
The kinetic theory of FRET is based on the notion that the
FRET efficiency in a multimeric complex of donors and
acceptors may be generalized by taking the average of the
individual FRET efficiency for each donor transferring
energy to the acceptors within the complex, as we shall
demonstrate next using the theory published previously in
Raicu (22).
Consider an oligomer or multiplex containing n fluoro-
phore-bearing protomers or subunits, of which k are iden-
tical donors and n–k are identical acceptors. We further
assume that only one donor in a complex is in an excited
state at a time. This may be easily achieved by keeping
the intensity of excitation light low enough that the excita-
tion rate of the donors is much lower than all the deexcita-
tion rates of the donors. Each donor may transfer energy
to the n–k acceptors, with a probability that depends on
the acceptor distance and orientation relative to the donor.Biophysical Journal 108(7) 1613–1622There accordingly is one pathway for each donor to lose
excitation energy through radiative emission of a photon
or nonradiative deexcitation via interactions with the envi-
ronment, and there are n–k different ways to lose excitation
energy via FRET with nearby acceptors. An example of all
possible energy transfer pathways for a pentamer with two
donors and three acceptors is shown in Fig. 1.
In the absence of FRET, the quantum yields, QD, of all
donors are equal to one another, as are the excitation rates
of all acceptors, GA,ex. As it is well known, FRET does
not modify either the excitation rate of the donors, Gex,D,
or the quantum yield of the acceptors, QA. In the presence
of FRET, the quantum yield of the ith donor is modified
as expressed by the following equation (17,23):
QDAi;k;n ¼
Gr;D
Gr;D þ Gnr;D þPnkj¼ 1GFRETi;j
¼ Q
D
1þPnkj¼ 1hGFRETi;j .Gr;D þ Gnr;Di: (1)
The quantity
GFRETi; j ¼

Gr;D þ Gnr;D
 
R0i;j
ri;j
!6
in Eq. 1 is the rate of transfer from the ith donor to the jth
acceptor through FRET, ri,j is the distance between the
fluorophores, R0i,j is the Fo¨rster radius (17,22), and
QD ¼ G
r;D
Gr;D þ Gnr;D:
Note that, because the orientation factor can differ for
different donor-acceptor pairs in an oligomer (2,3), the
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ciency for the ith donor can be defined as
Ei;k;n ¼
Xnk
j¼ 1
GFRETi;j
.
Gr;D þ Gnr;D
1þPnkj¼ 1hGFRETi;j .Gr;D þ Gnr;Di: (2)
Equations 1 and 2 may be combined to obtain
QDAi;k;n ¼ QDð1 Ei;k;nÞ; (3)
which is in accord with the expectation that emission from
the donor decreases upon the transfer of energy to the
acceptor.
Similar arguments may be used to show that the excita-
tion rate of the jth acceptor in the presence of donors is
enhanced by FRET, as given by the expressionGex;ADj;k ¼ Gex;A þ Gex;D
Xk
i¼ 1
GFRETi;j
.
Gr;D þ Gnr;D
1þPnkj¼ 1hGFRETi;j .Gr;D þ Gnr;Di: (4)Using Eq. 3, the total number of photons emitted by all the k
donors in an oligomer in the presence of acceptors (i.e.,
FRET) may be expressed as
FDAðlexÞhGex;D
Xk
i¼ 1
QDAi;k;n
¼ kGex;DQD  Gex;DQD
Xk
i¼ 1
Ei;k;n;while, using Eqs. 2 and 4, the total number of photons
emitted by the n–k acceptors may be expressed as
FADðlexÞh
Xnk
j¼ 1
Gex;ADj;k Q
A
¼ ðn kÞGex;AQA þ Gex;DQA
Xk
i¼ 1
Ei;k;n:Choosing appropriate notations, the last two equations may
be written simply as
FDAðlexÞ ¼ FDðlexÞ  FFRETD ; (5)FADðl Þ ¼ FAðl Þ þ FFRET; (6)ex ex Awhere FD(lex) ¼ kGex,DQD and FA(lex) ¼ (n–k)Gex,AQA are
the donor and acceptor emissions, respectively, in the
absence of FRETFFRETD ¼ Gex;DQD
Xk
i¼ 1
Ei;k;n
is the loss of emission from the donor due to FRET; andFFRETA ¼ Gex;DQA
Xk
i¼ 1
Ei;k;n
is the corresponding gain in emission from the acceptor. In
addition, by comparing the second terms on the right-hand
sides of Eqs. 5 and 6, we obtain a third relationship,
FFRETD ¼
QD
QA
FFRETA : (7)
By defining the FRET efficiency of the oligomer as the frac-
tion of excitations of donors transferred to acceptors, that is,Eapp ¼ F
FRET
D
FDðlexÞ; (8)
we immediately obtainEapp ¼ 1
k
Xk
i¼ 1
Ei;k;n;
which proves the statement made above that the FRET effi-
ciency for an oligomer equals the average efficiency for all
the donors in the oligomer.Determination of the apparent FRET efficiency from spec-
trally resolved measurements of fluorescence intensity
The determination of apparent FRET efficiencies by spec-
trally resolved FRET imaging (23) relies on tagging the pro-
teins of interest with fluorescent molecules that act as
donors and acceptors of energy. Cells coexpressing donor-
and acceptor-tagged proteins are irradiated at the wave-
length corresponding to the excitation maximum of the
donor, and an emission spectrum consisting of signals
from donors and acceptors is acquired for every pixel in
an image. Emission spectra also are acquired for cells ex-
pressing donors or acceptors alone, and the measured inten-
sities are normalized to the maximum value to obtain
elementary or standard spectra for the donor,
ID ¼  iD1 . iDl ; (9)
and the acceptor,Biophysical Journal 108(7) 1613–1622
1616 Patowary et al.IA ¼  iA1 . iAl ; (10)
where il,., il are the normalized intensities corresponding
to each emission wavelength, lem,1,., lem,1 (17). The pres-
ence of a third signal such as constant background noise,
background autofluorescence (31), or the emission from a
fluorescent sensor (e.g., for pH or voltage) can be accommo-
dated by including an additional spectrum,
IF ¼  iF1 . iFl : (11)
The emission spectrum of every pixel in the image of a sam-
ple containing all three signals is
Im ¼ ð im1 . iml Þ;
which may be approximated by a linear combination of the
three emission spectra as
ImykDAðlexÞID þ kADðlexÞIA þ kFðlexÞIF: (12)
This equation becomes an exact identity in the absence of
DA ADexperimental noise. The parameters k (lex), k (lex), and
kF(lex) are proportional to the emission intensities of D in
the presence of A, of A in the presence of D, and of the third
fluorescent species unrelated to FRET, respectively. Their
values are computed from the measured spectra using a
least-squares minimization procedure (21,32) as described
in Appendix SA in the Supporting Material. Those values
can be used to determine the total number of photons
emitted by the donor [i.e., FDA(lex)], the acceptor [F
AD(lex)],
and the third fluorophore if present [FF(lex)], as
FDAðlexÞ ¼ kDAðlexÞ
Z
iDðlemÞdlem ¼ kDAðlexÞwD; (13)
FADðlexÞ ¼ kADðlexÞ
Z
iAðlemÞdlem ¼ kADðlexÞwA; (14)FFðlexÞ ¼ kFðlexÞ
Z
iFðlemÞdlem ¼ kFðlexÞwF; (15)where wD, wA, and wF are the integrals of the elementary
emission spectra of the donor, the acceptor, and the third
fluorophore.
Note that the first two of the above three quantities are the
same as defined in the previous subsection and may be used
to compute experimental values of the FRET efficiency of
multimeric complexes containing donors and acceptors.
Assuming that direct excitation of the acceptors is negligible
at the wavelength of the incident light (i.e., FA(lex) z 0),
and using Eqs. 5–7, Eq. 8 becomes
Eapp ¼ 1
1þ QA
QD
kDA
kAD
wD
wA
: (16)
Equation 16 has been used to determine the FRETefficiency
at each pixel in a fluorescence image following a single scanBiophysical Journal 108(7) 1613–1622of the sample at a single excitation wavelength. It circum-
vents difficulties associated with classical filter-based
methods for the determination of FRET efficiency using
two or more excitation scans (17).
Correction for direct excitation of the acceptor
To determine the apparent FRET efficiency at each image
pixel according to Eq. 16, one aims to choose a laser oper-
ating at a wavelength that achieves maximal excitation of
the donor with minimal excitation of the acceptor. That
rarely is possible, however, and the acceptor typically is
excited to some extent. Such an effect was expected to be
small with the fluorescent proteins and excitation wave-
lengths used in this investigation, but it was taken into
account nonetheless; the procedure is explained next.
In the presence of small but nonnegligible direct excita-
tion of the acceptor (i.e., FA(lex)s 0), Eq. 8 becomes
Ecorrectedapp ¼
QD
QA
½FADðlexÞ  FAðlexÞ
FDAðlexÞ þ FFRETD
¼
QD
QA
½kADðlexÞwA  FAðlexÞ
kDAðlexÞwD þ QDQA ½FADðlexÞ  FAðlexÞ
: (17)
If the rate of direct excitation of the acceptor is assumed to
be very low (Appendix SB in the Supporting Material),
Eq. 17 may be reduced to the following simple form:
Ecorrectedapp ¼ Eapp

1 1 EappaA: (18)
The correction factor aA in Eq. 18 is given by the expression
aA ¼ G
ex;AnPA
Gex;AnPA þ Gex;DEapp
;
where Eapp is the FRET efficiency determined using Eq. 16;
Gex,A and Gex,D are the excitation rates of the acceptor and
donor, respectively; and n is the number of fluorophores
(D and A) per oligomer or multiplex. Finally,
PA ¼ ½AD½DA þ ½AD
;
where [D]A and [A]D are the number of donors and accep-
tors, respectively, per oligomer. The rates Gex,A and Gex,D
are proportional to the two-photon absorption cross sections
of the fluorophores.
Prediction of the apparent FRET efficiency of fluorescent
multiplexes
The apparent FRET efficiency of an oligomer or multiplex
of one donor and n1 acceptors is given by
Epredicted ¼
Xn1
j¼ 1
Ej (19)
Experimental Verification of FRET Theory 1617with
Ej ¼
GFRETj
.
Gr;D þ Gnr;D
1þ GFRETj
.
Gr;D þ Gnr;D: (20)
These equations are in essence just a convenient restatement
of Eq. 2, where we have also dropped the index i, for
simplicity.
For the multiplexes containing more than one acceptor,
such as ADAA (n1 ¼ 3) and ADA (n1 ¼ 2, see above),
Eq. 19 may be expressed in terms of the measured effi-
ciencies of cognate fluorescent duplexes containing one
donor and one acceptor (i.e., NDNA, NDAN, ADNN, or
AD and DA). Each duplex (i.e., n¼ 2), accounts for a single
term in the sum in Eq. 19.
From Eq. 20, we obtain for each duplex
GFRETj
.
Gr;D þ Gnr;D ¼ Ej.1 Ej (21)
and, with this, Eq. 19 becomes
Epredicted ¼
X
j
Ej

1 Ej

1þPjEj1 Ej: (22)
In the case of ADAA, for example, j in Eq. 19 denotes
NDAN, ADNN, or NDNA; in the case of ADA, j denotes
AD or DA. The error on Epredicted can be calculated accord-
ing to the method of propagation of errors, which gives
dEpredicted ¼ Epredicted
P
j
dEj
ð1EjÞ2P
j
Ej
ð1jÞ
(
1þPj Ejð1EjÞ
): (23)
MATERIALS AND METHODS
FRET standards
The FRET theory outlined above was tested with fusion proteins that local-
ized either in the cytoplasm or at the membrane of mammalian cells. Four
constructs were expressed in the cytoplasm and have been described previ-
ously in Koushik et al. (28). Each is a linear array of four domains, the sec-
ond of which is the donor (D, Cerulean) (13) as illustrated in Fig. 2. In one of
the constructs, the other three positions are taken by the acceptor (A, Venus)
(14) (i.e., ADAA). In the other constructs, one subunit is Venus and theN
D
A
N
N
D
A
N
N
D
A
Nremaining slots are filled by Amber (N) (33), a Venus-like mutant that
does not form a fluorophore and therefore cannot participate in FRET.
Amber serves as a place-holder as the single acceptor is moved from one
position to another relative to the donor (i.e., NDAN, NDNA, and
ADNN). This arrangement preserves the quadruplex configuration of
ADAA in constructs that behave as fluorescent duplexes in the process of
energy transfer. The emission spectrum of the donor alone was recorded
from a fusion product of Amber and Cerulean (i.e., Amber-5-Cerulean,
N5D).
Three constructs were directed to the plasma membrane by the acylated
amino-terminal segment of Gai1, which was fused to the amino-termini of
linked fluorophores as shown in Fig. 3. Complementary DNA (MP) coding
for the first seven residues of ai1, the next 25 residues of ai1, and the six
bases corresponding to the BamH1 restriction site was fused upstream of
the cDNA coding for either GFP2 or eYFP to obtain MP-GFP2 and MP-
eYFP, respectively. A second fluorescent domain was added to the 30 end
of the first via a linker of six bases corresponding to the BspE1 restriction
site to create the duplexes MP-GFP2-eYFP (DA) and MP-eYFP-GFP2
(AD). A third fluorophore was added to the 30 end of MP-eYFP-GFP2 via
six bases corresponding to the AgeI restriction site to create the triplex
MP-eYFP-GFP2-eYFP (ADA). The amino-terminal heptapeptide of ai1
(i.e., Met-Gly-Cys-Thr-Leu-Ser-Ala) contains the sites of attachment for
myristoyl (M) and palmitoyl (P) groups, which are added at positions
two and three, respectively, during biosynthesis.
All fusions were ligated into the pcDNA3.1þ vector, and the sequences
were confirmed by DNA sequencing.Cell culture and transfection
CHO cells were grown in Dulbecco’s modified Eagle’s medium lacking
sodium pyruvate, supplemented with fetal bovine serum (10%), L-gluta-
mine (2 mM), penicillin/streptomycin (1%), and nonessential amino acids
(1%). Cells for imaging on a two-photon microscope with spectral resolu-
tion built in-house as described previously in Raicu et al. (23) were cultured
and seeded in six-well plates (3.5 cm diameter) at a density of 15,000–
20,000 cells/cm2 and maintained at 37C in a humidified environment
with 5% CO2. After 24 h, when the cells were 40–45% confluent,
each well was transfected with plasmid DNA (2 mg) and Lipofectamine
2000 (10 mL) (Invitrogen, Carlsbad, CA) diluted in OptiMEM medium
(250 mL) (Invitrogen). The transfection procedure was similar to that
described previously in Pisterzi et al. (29). Cells lacking plasmid but other-
wise processed in the same manner were maintained as controls. Images
generally were acquired ~6, 10, 16, or 24 h after transfection, when the me-
dium in each well was replaced with OptiMEM (250 mL; Invitrogen); the
cells then were dislodged with a cell scraper and collected in 1 mL Eppen-
dorf tubes. The different transfection times allowed us to investigate
possible effects of concentrations and/or fluorophore maturity on the ob-
tained FRET data. Approximately 10 mL of the suspension was placed on
a microscope glass slide with a 0.3-mm coverslip and used for imaging.
Cells to be imaged were cultured at a density of 8000–10,000 cells/cm2
in 35-mm Petri dishes with a 0.3-mm glass coverslip placed at the bottom
(MatTek, Ashland, MA). Transfections were carried out with 2 mg of
plasmid DNA per dish and other reagents in quantities proportional to those
listed above. Other conditions were as described above, and the cells were
imaged without being dislodged.N
D
A
N
FIGURE 2 Schematic of the cytoplasmic FRET
standards. A donor (D, Cerulean), an acceptor (A,
Venus), and two nonfluorescent proteins (N, Amber)
are joined by amino-acid linkers depicted (by
curved lines connecting D, A, and N (28)). To see
this figure in color, go online.
Biophysical Journal 108(7) 1613–1622
D A A D ADA
Myristoylation
Palmitoylation
SG linker SG linker TG linker32 AA
FIGURE 3 Schematic representation of mem-
brane-bound duplex and triplex FRET constructs.
Addition of a myristoylation and palmitoylation
sequence derived from the ai1-subunit of Gi1 at the
N-terminus of the first fluorophore anchors the fluo-
rescent protein to the plasma membrane. The first
two fluorophores are linked by the dipeptide Ser-
Gly (SG), and eYFP (A) is linked to eYFP-GFP2
(AD) in the triplex configuration by Thr-Gly (TG).
To see this figure in color, go online.
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Spectrally resolved fluorescence imagingwas performed throughout at room
temperature. Imaging experiments were performed using a replica of a com-
mercial version of a two-photon microscope with spectral resolution
described previously in Biener et al. (34), which is called an optical micro-
spectroscope (Optimis TruLine, Aurora Spectral Technologies, Milwaukee,
WI). The imaging system is equipped with a Ti-Sapphire laser (Tsunami,
Spectra-Physics, Santa Clara, CA) with a tuning range of 690–1040 nm
and delivering pulses with a width of <100 fs at a repetition rate of
80 MHz. For the membrane constructs, the system was upgraded to perform
line scans rather than point scans by employing a curved mirror to shape the
excitation beam into a line (34). This setup features a reduced acquisition
time and increased overall sensitivity. The incident light was focused
through an infinity-corrected oil-immersion objective (100magnification,
NA 1.45; Nikon Instruments, Melville, NY) to a linewith diffraction-limited
thickness on the sample. The emitted light was passed through a transmis-
sion grating and projected onto a cooled electron-multiplying charge-
coupled device camera (iXon 897; Andor Technology, South Windsor, CT).Determination of the emission spectra of donors
and acceptors
To determine the emission spectrum of cytosolic Cerulean (i.e., the donor),
CHO cells expressing N5D were imaged using Optimis TruLine (AuroraFIGURE 4 Spectral images of representative CHO cells expressing the cytop
ated by two-photon lasers at 800 and 1020 nm for Cerulean and Venus, respectiv
(Lower panel plots, cyan and yellow lines) Elementary emission spectra of Cerul
by the red circle in each image).
Biophysical Journal 108(7) 1613–1622Spectral Technologies) at an excitation wavelength of 800 nm. The average
excitation power was ~67 mW per entire excitation line, as measured after
the microscope objective. To determine the emission spectrum of cytosolic
Venus (i.e., the acceptor), CHO cells expressing ADAA were irradiated at
1020 nm at average powers similar to those described above for N5D.
Cerulean is not excited appreciably at that wavelength. The seven spectral
images in Fig. 4 are selected from 200 images over the range from 400 to
600 nm and are representative of CHO cells expressing N5D or ADAA. The
background-corrected intensity at each wavelength was averaged over
pixels of nonzero intensity, selected as shown by the red circles, and the
means were normalized to the maximum value to obtain the elementary
emission spectra of Cerulean and Venus. Normalized spectra for the mem-
brane-bound standards were obtained from CHO cells expressing MP-GFP2
or MP-YFP and irradiated at 800 nm and 970 nm, respectively, using an
average laser power of ~200 mW per line.Spectral unmixing and calculation of Eapp
Spectrally resolved images of CHO cells expressing the cytoplasmic and
membrane-bound FRET standards were unmixed as described in the previ-
ous paragraph to obtain fitted estimates of kDA(lex) and k
AD(lex) for the
contribution of donor and acceptor at each pixel. Those values then were
used together with the quantum yields of the fluorophores (QD, QA) and
the integrals of the corresponding emission spectra (wD, wA) to calculate
the apparent FRET efficiency (Eapp) at each pixel according to Eq. 16. Tolasmic constructs N5D or ADAA. (Upper panels) The samples were irradi-
ely, to obtain the reconstructed images at the emission wavelengths shown.
ean and Venus, respectively, averaged over nonzero pixels (region indicated
Experimental Verification of FRET Theory 1619avoid instrumental and other noise in the image of Eapp, pixels with values
of kDA(lex) or k
AD(lex) below a certain threshold (corresponding to signal/
noise ¼ 0.5) of the donor signal corrected for FRET) were disregarded.
Because excitation of the acceptor was disregarded in the calculation of
kAD(lex) (Eqs. 9–15) and the apparent FRET efficiency (Eapp) (Eq. 16),
estimates of pixel-level Eapp were corrected according to Eq. 18. The
two-photon absorption cross sections of the fluorophores at 800 nm were
as follows: Cerulean, 37.132 GM; Venus, 2.519 GM; GFP2, 6.43 GM;
eYFP, 2.54 GM (Developmental Resource for Biophysical Imaging Opto-
Electronics, Cornell University, Ithaca, NY; http://www.drbio.cornell.edu/).
The number of fluorophores (n) and the probability of acceptors (PA) in each
construct is as follows: n ¼ 2 and PA ¼ 1/2 for NDAN, ADNN, and NDNA;
n ¼ 4 and PA ¼ 3/4 for ADAA; n ¼ 2 and PA ¼ 1/2 for DA and AD; and
n ¼ 3 and PA ¼ 2/3 for ADA.RESULTS AND DISCUSSION
FRET efficiencies of the cytoplasmic constructs
Representative histograms of Eapp obtained for the cytosolic
constructs NDAN, ADNN, NDNA, and ADAA in CHO
cells are illustrated in Fig. 5, where the values are distributed
using a bin size of 0.01 on a scale of 0:1. The pixel level Eapp
values were corrected for direct excitation of acceptor ac-
cording to Eq. 18, as described in Spectral Unmixing and
Calculation of Eapp, above. The mean value of Eapp and its
standard deviation were calculated for each cell from the
Eapp histogram for that cell. From these values, we
computed the weighted average and mean 5 SE for each
of the four constructs (see Appendix C in the Supporting
Material). The resulting difference between the predicted
Eapp for ADAA and the measured one (~0.03 5 0.05) was
virtually nil. Note, however, that is not the result that should
be retained from this study, because the distribution of pri-
mary values suffers from systematic effects as detailed in
the analysis that follows.
A relatively broad range of concentrations of these con-
structs was achieved by imaging the cells 6, 10, 16, or
24 h after transfection. Because each FRET constructFIGURE 5 Distributions of Eapp for fluorescent duplexes and the quadru-
plex ADAA expressed in the cytoplasm of CHO cells. Values of Eapp were
calculated for single pixels, as described in the text and plotted as histo-
grams (bin size, 1%).contains only one donor, the concentration of the construct
equals that of the donor, and it is proportional to the
emission from the donor corrected for FRET. The latter
was calculated according to the equation FD ¼ kDAwD þ
kADwAQD/QA, which was derived by inserting Eqs. 6 and 7
into Eq. 5 and assuming as before that FA(lex) z 0). The
relationship between the average FRET efficiency and the
level of expression [log (FD/a.u.)] is shown for NDAN,
ADNN, NDNA, and ADAA in Fig. 6 a, where each data
point represents one cell. Log (FD/a.u.) was divided into
five intervals and the weighted mean Eapp and the standard
error of the mean (mean 5 SE) were determined for each
construct. The predicted values were calculated for ADAA
using Eq. 22 from the mean values of Eapp for NDAN,
ADNN, and NDNA for each interval. The propagated errorsFIGURE 6 Dependence of the cellular average of the apparent FRET ef-
ficiency (Eapp) on the level of expression [log (F
D/a.u.)]. The cytoplasmic
constructs ADAA (open circles), ADNN (solid circles), NDAN (open trian-
gles), and NDNA (solid triangles) were expressed in CHO cells for
different periods of time after transfection, as described in the text. The
level of expression was estimated from the spectral properties of the donor.
(a) Each point represents the cellular average of Eapp corrected for acceptor
direct excitation at image pixel level (before averaging) for a single cell
transfected with one of the four constructs as shown. To avoid unnecessary
clutter of the plots, the standard deviations were not plotted. (Lines) Ob-
tained by linear regression, serving as a guide to the eyes. (b) Each point
represents the difference between the measured and predicted values of
Eapp for ADAA (i.e., DEapp ¼ Ecorrectedapp  Epredicted, where Ecorrectedapp and
Epredicted are from Eqs. 18–22, respectively), plotted against the correspond-
ing mean value of log (FD/a.u.) for the range shown on the abscissa. (Ver-
tical bars) Propagated errors computed by adding the individual errors in
quadrature. To see this figure in color, go online.
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computed using Eq. 23. The weighted average differences
between the measured and predicted values of Eapp were
then computed for ADAA (i.e., DEapp) for each interval
(Fig. 6 b).
As seen in Fig. 6, the apparent FRET efficiency for each
construct slightly increased with the level of expression
(Fig. 6 a), as did a small but statistically significant difference
between the measured and predicted values for ADAA
(Fig. 6 b). The difference is between measured and predicted
FRET, which ranges from 0.01 to 0.06 and is lower than
that of 0.11, which was reported by Koushik et al. (28).
Regarding the causes for the dependence of average Eapp
on the donor fluorescence corrected for FRET (i.e., FD), we
may rule out contributions from stochastic or bystander
FRET between neighboring fusion proteins (35), because
such an effect becomes significant only for FRET constructs
confined to two dimensions (i.e., at the plasma membrane)
and comparatively large concentrations. Rough estimates
based on a method described previously in Patowary et al.
(25) and Singh et al. (26) place the concentrations of
the cytoplasmic constructs in the range of 108 to 106 con-
structs/nm3. These would result in concentrations of <103
constructs/nm3 if the focal depth of the microscope
(~1000 nm) were to be sliced into layers of size equal to
the size of the constructs (~10 nm). Such concentrations
would be too low to cause significant stochastic FRET
even if all the constructs contained in such layers were
forced to assume favorable orientations relative to one
another (35). Because of this, the FRET efficiencies deter-
mined at higher concentrations are expected to remain unaf-
fected by stochastic FRET.
A possible explanation for the dependence of average
Eapp on log(F
D/a.u.) is based on the observation that,
because the average FRET efficiencies are computed over
large regions of interest, over which the distribution of olig-
omers is not entirely homogeneous, these averages are
reduced by contributions from regions with lower concen-
trations of complexes (24). Because the spatial distributions
become more uniform at concentrations toward the higher
end of the range investigated, and, aided by the image
smearing effect caused by the point-spread function of the
microscope, the reduction in the average FRET efficiency
due to nonuniform distributions is gradually eliminated. A
second possibility is that the apparent dependence on con-Biophysical Journal 108(7) 1613–1622centration is in effect caused by a difference in the matura-
tion times of the two fluorophores, Cerulean and Venus.
Populations of fusion proteins in which all fluorophores
are mature cannot be distinguished from those in which
only some are mature, and the relationship between the
apparent FRET efficiency and the observed effect in fact
may derive from a dependence on the time elapsed between
transfection and acquisition of the image.
Both of those effects suggest an increased accuracy of the
measurements performed after longer times from transfec-
tion, which happen to correlate with larger values of log(FD)
in Fig. 6 b. This means that the larger difference between
measured and predicted Eapp for ADAA (i.e., 0.064 5
0.017, relative to the predicted value of 0.789) is the most
reliable result of this set of measurements. This excess in
the measured FRET efficiency corresponds to a total relative
excess of 8% for the quadruplex or 2.7% per acceptor in a
complex.FRET efficiencies of the membrane-bound
constructs
In principle, it is possible to avoid effects caused by differ-
ential fluorophore maturation times by performing measure-
ments on constructs bound to the plasma membrane,
because construct delivery to the membrane would presum-
ably occur after it has folded properly. Our next step was
therefore to perform measurements on a set of two mem-
brane-bound duplexes (DA and AD) and a triplex (ADA),
which were constructed in-house. Representative histo-
grams of Eapp obtained for AD, DA, and ADA in CHO cells
are illustrated in Fig. 7, and the mean values of Eapp for all
cells are listed in Table 1 together with the predicted value
for ADA. All values were calculated as described for the
cytosolic constructs in the previous section.
Here again, a small (0.0355 0.034) but statistically sig-
nificant difference was observed between the measured Eapp
value for the ADA triplex and the value predicted by Eq. 22
using separate measurements for AD and DA. This excess in
the measured FRET efficiency corresponds to a total relative
excess of 7.2% for the triplex or 3.6% per acceptor. While
identifying the main reason for these small discrepancies
is outside of the scope of this work, we will next provide
a quick assessment of the consequences of this result for
FRET imaging, and in particular, FRET spectrometry.FIGURE 7 Distributions of Eapp for fluorescent
duplexes AD and DA and the triplex ADA local-
ized at the plasma membrane of CHO cells. Values
of Eapp were calculated for single pixels as
described in the text and plotted as histograms
with a bin size of 1%.
TABLE 1 Average mean5 SE of measured apparent FRET
efficiencies of the cytoplasmic constructs
Construct
Eapp
Measured Predicted
DA 0.3685 0.015 (54) —
AD 0.2545 0.012 (48) —
ADA 0.5155 0.009 (48) 0.4805 0.033
The predicted mean5 SE value for the ADA construct is also listed. The
number of cells is shown in parentheses.
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As has been mentioned in the Introduction, in FRET spec-
trometry, the apparent FRET efficiency is measured for
each pixel within a FRET-based image of a thin optical sec-
tion of the sample, and the number of pixels falling within a
certain interval of Eapp is plotted against the center of the in-
terval to obtain a histogram of FRET efficiencies for the
entire section of a cell or cellular region of interest (23).
In its simplest form, this method relies on the assumption
that only one complex (or, occasionally, very few com-
plexes) resides at each pixel, and that a set of several pixels
containing a single type of complex leads to formation of a
peak in the Eapp histogram.
The observed relative Eapp excess was 2.7% per acceptor
for the cytoplasmic quadruplex, and 3.6% per acceptor
for the membrane-bound triplex. The results obtained for
two different cytoplasmic constructs reported previously
in Koushik et al. (28) appear to lie somewhere above
these two values. We will take our lowest and highest sur-
plus per acceptor as the best- and worst-case scenario,
respectively.
It is instructive to estimate the effect of the observed sur-
plus of energy transfer on the Eapp histogram of a rhombus
tetramer, as described in, e.g., Raicu and Singh (27), with a
pairwise FRET efficiency (Ep) of 0.200. For the complex
containing a single acceptor and three donors, Eapp is
roughly 2/3Ep ¼ 0.133; the observed excess would shift
that peak by 0.036  1  0.133 ¼ 0.005 to 0.138. For the
opposite case of three acceptors and one donor, the rhombus
tetramer predicts an Eapp value of 3Ep/(1þ2Ep) ¼ 0.429,
which would be shifted by 0.036  3  0.429 ¼ 0.047 to
become 0.476. The overall result of these two shifts is a cor-
responding shift between the lowest and highest peak value
0.047 – 0.005 ¼ 0.042, the remaining three peaks being
affected to different degrees in between the two extremes.
This histogram shift is within the experimental errors of
this method and should not affect the identification of the
correct quaternary structure from Eapp histograms. In fact,
the only undesired consequence of this peak shift is that
Ep (which determines the position of all individual Eapp
peaks simultaneously) would be inadvertently increased in
order to fit the histogram to the theoretical model of a
tetramer. This is rather inconsequential, because, due to
the strongly nonlinear dependence of FRET efficiency ondistance between fluorescent tags, such change in Ep results
in only minute changes in distances.
For methods that rely on determination of average Eapp
values over entire cells or regions of interest, assessing the
effects of such a surplus as discussed above is more difficult.
For such methods, FRET efficiencies from all possible com-
binations of donors and acceptors are averaged over with
complexes containing only donors (i.e., Eapp¼ 0) to produce
a single Eapp value for the regions of interest. However, at
least for FRET spectrometry, the mismatch between the
measured and predicted Eapp values for proteins with multi-
ple acceptors does not appear to compromise the reliability
of the results.CONCLUSION
Using a technique based on spectrally resolved two-photon
microscopy, we have tested the kinetic theory of FRET for
multiplex complexes by means of fluorescent protein stan-
dards expressed in the cytoplasm and at the plasma mem-
brane of CHO cells. The multiplexes comprised multiple
fused fluorophores, thereby mimicking in a covalently deter-
mined manner the fluorescent complement of tagged proto-
mers within an oligomer. The results show that the average
FRET efficiency measured for the membrane-bound triplex
ADA and the cytoplasmic quadruplex ADAA were slightly
lower than could be predicted based on the measured FRET
efficiencies for their corresponding duplexes.
We note in passing that multiplying the individual Eapp
for all the FRET constructs considered in Koushik et al.
(28) by the quantum yield of their respective donor not
only results in significantly lower values of Eapp for each
construct but also essentially eliminates the differences
between measured and predicted values for the triplex and
quadruplex oligomers (it actually inverts the surplus for the
case of the quadruplex in this article). While this is not a
mathematical proof that the kinetic FRET model is correct,
it suggests that the greater effect observed by Koushik et al.
may be related to how the FRET efficiency is defined and
what approximations are made in its derivation. This is of
significant concern, as one needs to be fully aware of such
approximations if one is interested in quantitative analysis.
Detailed studies concerning the manner in which relevant
quantities are defined and measured, and what approxima-
tions are made in FRET studies, will likely follow. For the
time being, we only wish to reiterate that, because the
observed effect was comparatively small under the condi-
tions of the studies described here, which are typical of
FRET investigations, it is highly unlikely to affect to any
significant degree conclusions regarding the size and config-
uration of protein complexes as determined from FRET
measurements (see, for example, Raicu and Singh (27)
and Mishra et al. (36)). It nevertheless is a reminder of the
need for continual efforts to improve existing FRET-based
methods for investigating protein-protein interactions.Biophysical Journal 108(7) 1613–1622
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